Abstract-A novel zero-voltage-transition (ZVT) pulsewidth modulated (PWM) Cúk power-factor corrector (PFC) is proposed to achieve unity power factor under zero-voltage-switching (ZVS) operations. In the proposed ZVT PWM Cúk PFC, not only the power switch, but also the power diode, commutate under ZVS. The proposed topology has the shortest ZVT time and, thus, the shortest minimum duty cycle compared with other ZVT PWM topologies. The resonant inductor can be discharged regardless of the state of the main switch. Extremely short ZVT time and robust discharge of the resonant inductor make the proposed topology well qualified for variable-duty and highswitching-frequency applications. Analytical studies, design rules, and experimental waveforms of the ZVT PWM Cúk PFC are presented in detail.
I. INTRODUCTION
T HE pulsewidth-modulated (PWM) technique has been widely used on dc-dc converters and power-factor correctors (PFC's) in industrial applications. It is praised for the high-power capability and ease of control. To achieve higher power density and faster transient response, PWM converters should operate under higher switching frequency. However, as the switching frequency increases, so do the switching losses and EMI noises. High switching losses reduce the powerhandling capability and serious EMI noises interfere with the control of PWM converters. Several kinds of soft-switching techniques, such as passive snubbers [1] and resonant converters [2] , have been proposed in recent years to reduce switching losses and EMI noises. The zero-voltage-transition (ZVT) PWM techniques are the most commendable ones among them [3] - [8] . One auxiliary switch and other passive components are used to form a shunt resonant ZVT cell in a ZVT PWM converter. Switching losses and EMI noises are reduced because the ZVT cell works during switching transient to perform zero-voltage-switching (ZVS) or zerocurrent-switching (ZCS). Advantages of both the conventional PWM technique and the resonant technique are maintained in ZVT PWM converters.
To satisfy the forthcoming harmonic standards, such as IEC 1000-3-2, PFC's serving as front-end converters have been attracting more and more attention. Among various PFC topologies, the Cúk PFC is deemed desirable for its continuous input and output currents, ripple-free input current, small Manuscript received October 30, 1997; revised December 11, 1998 . Abstract published on the Internet April 18, 1999.
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Publisher Item Identifier S 0278-0046(99)05617-8. output filter, and wide output voltage range [9] - [10] . However, the switch utilization factor of the Cúk topology is much lower than other topologies, such as the buck topology and the boost topology [11] . In other words, the power-handling capability requirements of the semiconductor devices of a Cúk PFC are much higher than those of a buck PFC or a boost PFC with the same output power. Reduction of switching losses and EMI noises are of particular importance to a Cúk PFC. To further improve the performance, it is indispensable to apply soft-switching techniques to Cúk PFC's. By applying the proposed ZVT PWM topology to a Cúk PFC, a novel ZVT PWM Cúk PFC is presented in this paper. In the proposed circuit, not only the power switch, but also the power diode, commutate under ZVS. The proposed ZVT PWM topology uses one switch, one diode, one capacitor, and one inductor to form a shunt resonant ZVT cell. Without additional components, compared with the conventional ZVT topology [3] , the proposed ZVT topology dramatically improves the drawbacks of the conventional one through shorter ZVT time and more robust discharge of resonant inductor. Theoretical analysis and design rules of the ZVT PWM Cúk PFC are studied in depth. Experimental waveforms of a 400-W prototype built in the laboratory are used to verify the analysis. Fig. 1 is the proposed ZVT PWM Cúk PFC. It is the combination of a conventional PWM Cúk PFC and a shunt resonant ZVT cell, which is encircled by dotted lines. The ZVT cell consists of a resonant inductor a resonant capacitor an auxiliary switch and an auxiliary diode The resonant capacitor incorporates the output capacitance of the power switch. Body diode of the main switch is also utilized in this converter.
II. ZVT PWM CÚK PFC

A. Circuit Operation Analysis
Shown in
To analyze the steady-state operation of the circuit shown in Fig. 1 Based on these assumptions, circuit operations during one switching cycle can be divided into seven stages, which are shown in Fig. 2(a)-(g) , respectively. Fig. 2(a) ; ]: The auxiliary switch turns on at During the turn-on process of injected charges in the low-doped middle region of diode cause transient reverse-recovery current flowing in reverse through diode
Stage 1 [
The growth rate of the reverse-recovery current is restricted by the resonant inductor to achieve ZCS turn-on of the auxiliary switch Switching losses and EMI noises are reduced due to smoother current slope. Assuming that the current of the resonant inductor is zero before can be given by (1) ]: The energy recovery process will be finished after is discharged to zero at Auxiliary diode is also turned off under ZCS at the same time. After that, circuit operation is identical to the turnoff state of a conventional PWM Cúk PFC. It returns back to Stage 1 when the auxiliary switch turns on again at in the next switching cycle.
Based on the analysis presented above, key waveforms of the proposed ZVT PWM Cúk PFC are shown in Fig. 3 .
B. Basic Features of the Circuit
• Minimum ZVT Time: The major difference between the conventional ZVT Cúk topology [3] and the proposed ZVT Cúk topology is the discharge path of the resonant inductor. In the proposed topology, discharge current does not flow through the main switch. Circuit operation becomes the same as in the normal on state of a common Cúk circuit as soon as the main switch turns on. The ZVT time which equals is comparatively short. In the conventional topology, since the discharge current flows through the main switch, the current of the main switch increases slowly after the main switch turns on. The ZVT time is lengthened by the discharge time of the resonant inductor. Assuming that is comparatively small, ZVT time of the proposed topology can be given by (11) and that of the conventional topology is given by It is shown that the ZVT time of the proposed topology is only half of the conventional one. Actually, the proposed ZVT topology has the shortest ZVT time of all of the ZVT topologies which can be applied to a Cúk PFC so far. The voltage and current waveforms of both the main and the auxiliary switches are essentially square waves, except during the ultrashort ZVT time. This desirable feature makes the proposed ZVT topology particularly suitable to be employed under PWM control strategies.
• Short Minimum Duty Cycle of Main Switch: The minimum duty cycle of the main power switch is very important in PFC applications because it establishes how high the output voltage must be for linear operation. The output voltage during light load is also more stable with a shorter minimum duty cycle. In the conventional ZVT PWM Cúk topology [3] , the minimum duty cycle is dominated by the discharge time of the resonant inductor In the proposed one, however, since the discharge current of does not flow through the main switch discharge of can be executed even if is off. In other words, the minimum duty cycle of the main switch can be shortened, regardless of the discharge time of Due to the extremely short minimum duty cycle, the proposed ZVT Cúk topology is particularly suitable to be employed under variable-duty and high-switchingfrequency applications, such as PFC's.
• Constant Operating Frequency: Since the proposed ZVT topology is based on the PWM technique, the operating frequency is constant. Constant operating frequency makes design optimization of the EMI filter easily attainable. Various control strategies designed for the PWM technique, such as current mode control, are also applicable for the proposed ZVT Cúk PFC. UC3855 and ML4822, which are current mode control IC's designed for the conventional ZVT PWM topology [3] , can, therefore, be employed in the proposed circuit.
• Robust Discharge of the Resonant Inductor: One drawback of the conventional ZVT PWM topology [3] is that the resonant inductor cannot be discharged when the main switch turns off. The main diode and the auxiliary diode are essentially in parallel in the conventional topology. When the main diode is conducting, a certain percentage of current will flow through the auxiliary diode. When the auxiliary switch turns on, this undesirable feature will cause considerable switching losses, unless an additional saturable reactor is placed in series with the resonant inductor. The situation is quite different in the proposed ZVT topology. In the proposed ZVT PWM Cúk PFC, the resonant inductor can keep discharging, even if the main switch turns off. It ensures that the current through the resonant inductor and the auxiliary diode remains zero after the resonant inductor has been completely discharged. The turn-on loss of the auxiliary switch is successfully limited. Contrarily, since a larger inductor value of the resonant inductor can be used due to long discharge duration, it actually decreases turn-on loss of the auxiliary switch.
• Soft Switching for Wide Line and Load Ranges:
One drawback of other soft-switching techniques is that the soft-switching condition is strongly dependent on load current and input voltage. At light load, ZVS is usually difficult to maintain, since the energy stored in the resonant inductor at light load is not sufficient to completely discharge the resonant capacitor prior to turn-on of the active switch. At high line, ZVS is easier to lose, since it needs more energy to discharge the resonant capacitor. Although losing ZVS at light load or high line does not always cause serious thermal problems, EMI due to switching noises may be intolerable in a practical circuit. In the conventional [3] and the proposed ZVT topologies, soft switching is maintained in wide load and line ranges, as long as they have been designed for high load or low line. This desirable feature makes ZVT topologies more suitable in PFC applications. For wide line and load range, in particular, in a PFC, a wide variation range of duty cycle is necessary. Since the proposed ZVT Cúk topology has shorter ZVT time, it can be operated with wider line and load range compared with the conventional one.
C. Isolated Single-Stage ZVT PWM Cúk PFC
The proposed ZVT PWM Cúk PFC can be extended to an isolated single-stage form, as shown in Fig. 4 . To ensure complete isolation, the resonant inductor is replaced by the coupled inductors and In deriving the isolated ZVT topology of Fig. 4 , two key characteristics of the nonisolated ZVT topology of Fig. 1 were preserved [12] . First, the ZVT time and the minimum duty cycle are extremely short. Second, discharge current of the coupled resonant inductors and does not flow through the main switch. Circuit operations are similar to those of its nonisolated counterpart.
To avoid large overvoltages across switch at turn-off, a very small leakage inductance and a very high coupling between the primary and the secondary windings should be achieved when designing the coupled inductors and Since good dynamic characteristics are necessary for the diode a fast forward-and reverse-recovery diode is required.
III. DESIGN PROCEDURE
Since design of the conventional Cúk circuit has been well presented in literature, it is more significant to focus on the design rules of the proposed ZVT cell. The resonant inductor and the resonant capacitor are the most important components when designing the ZVT cell. The resonant inductor is designed to provide soft turn-on of the main switch and the auxiliary switch, while the resonant capacitor is designed to provide soft turn-off of the main switch.
A. Resonant Inductor
The resonant inductor value can be obtained by determining how fast the main diode can be turned off. However, it is difficult to calculate accurately, because the recovery characteristics vary among different rectifiers. A widely adopted estimate is to allow the current through the resonant inductor to ramp up to the diode current within three times the diode's specified reverse-recovery time. One constraint on the maximum inductance value is its effect on the minimum duty cycle [7] - [8] .
The resonant inductor design is limited by core loss instead of saturating flux density due to the high ac component and the relatively high operating frequency. High-frequency response and low-loss core materials, such as molly-permalloy powder (MPP), are adequate. However, since the resonant ringing at turn-off of the auxiliary switch is not easily generated by high-loss material inductors, some cheaper materials which have higher loss than MPP are also acceptable. The resonant inductor peak current has already been shown in (9) , which determines the radius of winding wire.
Compared with the conventional ZVT Cúk circuit [3] , since the discharge path of the resonant inductor of the proposed circuit has been improved, the resulting ZVT time is also significantly shortened. A larger value of the resonant inductor can, therefore, be chosen to maintain the same ZVT time compared with the conventional circuit. According to (11) and (12) , it can be seen that the inductor value can be increased to two times, or higher, than that of the conventional design. With a higher resonant inductor value, the turn-on loss of the auxiliary switch can be further reduced. The physical size will not be increased, since only the amount of windings is increased without changing the core size.
B. Resonant Capacitor
The resonant capacitor is designed to control of the drain-source voltage of the main switch. It provides an alternative path for the inductor current when the main switch turns off to reduce switching losses and EMI noises.
High-frequency-response capacitors with low equivalent series resistance (ESR) and equivalent series inductance (ESL), such as polypropylene film, are required. A good estimate is to determine the total capacitor value by setting the turn-off transient time
Since the resonant capacitor incorporates the output capacitance of the main switch and the main diode, the resonant capacitor value can be obtained by subtracting the output capacitor value of the main switch and main diode from the total capacitor value
C. Auxiliary Switch and Diode
The voltage stresses of the auxiliary switch and diode are equal to
The current stresses of the auxiliary switch and diode are equal to the peak current of the resonant inductor, as shown in (9) . Since the short duty cycle of the auxiliary switch makes the conduction loss comparatively low, a MOSFET smaller than the main switch is sufficient [6] . The auxiliary diode needs to be a fast-recovery diode to prevent the resonant inductor from resonating with the output capacitor after discharge.
IV. EXPERIMENTAL RESULTS
A prototype of a 400-W 50-kHz 110-V ac input and 200-V dc output ZVT PWM Cúk PFC, as shown in Fig. 1 , has been built to verify the principle of operation and the theoretical analysis. The components specifications are listed in Table I . A hard-switching Cúk PFC with the same specifications is also built in the laboratory.
Key experimental waveforms of the proposed ZVT PWM Cúk PFC and the hard-switching counterpart operated under 300-W loading are shown in Figs. 5 and 6, respectively. The efficiencies of these two circuits under different loadings are also shown in Fig. 7 . Efficiency of 95.2% has been measured at full load. It can be seen from Fig. 5 that the waveforms agree well with the predicted ones shown in Fig. 3 . The operation analysis is guaranteed to be valid. Compared with Fig. 6(a), Fig. 5(a) shows that the main switch commutates under ZVS turn-on and turn-off, since all of the nonideal commutation phenomena are eliminated by the shunt resonant ZVT cell. It can also be seen from Figs. 5(c) and 6(b) that the main diode in the ZVT PWM Cúk PFC is also commutated under ZVS turn-on and turn-off. Soft switching applies to not only the main switch , but also the main diode Fig. 5(b) shows that the auxiliary switch commutates near ZCS turn-on, while Fig. 5(d) shows that the auxiliary diode is commutated under ZCS turn-off. The reason that can only commutate near ZCS turn-on is because of the discharge of parasitic drain-source capacitance. However, since the parasitic capacitance of is smaller than that of and the reverse-recovery current of is restricted by only a small switching loss is generated when turns on. The current of and voltage of are shown in Fig. 5(e) .
A comparatively large inductor value of is used to emphasize the desirable peculiarity of the proposed ZVT topology. The large effectively decreases the turn-on loss and the current stress of , while still keeping the ZVT time short. It can be seen from Fig. 5(b) and (d) that the auxiliary switch and the auxiliary diode are activated for a short ZVT time duration. The ZVT PWM converters are identical to common PWM converters during the remainder of the time. Control strategies and design rules of common PWM converters can be directly applied to ZVT PWM converters. Current ratings of auxiliary semiconductor devices can also be reduced due to short ZVT time.
V. CONCLUSION
A novel ZVT PWM Cúk PFC has been proposed in this paper. In the proposed circuit, no switching loss is generated from the main switch and the main diode. Constant switching frequency eases the design of EMI filters and control circuits. Wide line and load ranges are also achieved, since ZVS and ZCS are easily maintained at not only low line and heavy load, but also high line and light load. The merits of both ZVT PWM converters and Cúk PFC's are obtained in the proposed circuit. In addition, to apply soft switching to PFC's more appropriately, the proposed topology has an extremely short ZVT time. Discharge of the resonant inductor is also more robust and more stable than the conventional ZVT topology [3] . A prototype of a 400-W ZVT PWM Cúk PFC has been built in the laboratory to experimentally verify the analysis. It has been shown from the experimental oscillograms that soft switching is successfully applied to the ZVT PWM Cúk PFC.
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